These authors contributed equally to this work Purpose: Micheliolide (MCL) is an effector compound of the flower which has been traditionally used to treat inflammation and cancer patients in oriental medicine. MCL has killing effects on several cancer and immune cells by modulating apoptosis, cell cycle, and metabolism. However, the detail of the mechanisms of anti-cancer activity remains to be elucidated and the effect on liver cancer cells is unknown. Methods: Cell proliferation was determined by CCK8 and clone formation assay. The xenograft liver cancer model formed by injecting Huh7 cells into NUDE mice was used to evaluate the effects of MCL on liver cancer cells in vivo. We evaluated the stemness of cells with spheroid formation assay and flow cytometry assay. The apoptosis was determined by Annexin V assay. F-actin staining and ROS were performed to detect the impairment of the F-actin cytoskeleton and mitochondria. Results: Here, we first show that MCL inhibits liver cancer cells both in vivo and in vitro by triggering apoptosis which was reduced by anti-oxidant, but not cell-cycle arrest. In addition, MCL induces mitochondrial ROS and caspase-3 activation. Also, we found that the aggregation of mitochondria and the perturbation of F-actin fibers in the MCL-treated liver cancer cells coincidently occurred before the induction of apoptosis and mitochondrial ROS. Conclusion: These results suggest that F-actin perturbation is involved in impaired mitochondria and apoptosis. Therefore, MCL can be a potent therapeutic reagent for liver cancer, primarily targeting the actin cytoskeleton.
Introduction
Hepatocellular carcinoma (HCC) is the dominant type of primary carcinoma of the liver, which is one of the most aggressive malignancies and the second leading cause of cancer-related deaths worldwide. 1 Although surgical resection still serves as the most reliable treatment, 2 over half of the patients were at the mid to late stage, which cannot be resolved by surgery, because of the lack of efficient early diagnostic markers. 3 In addition, the postoperative patients have a high rate of recurrence and metastasis. 4 To improve the treatments of HCC on the limited condition of a few therapeutic options, and the different condition of patients, multidisciplinary and multifaceted interventions combined with surgical resection, local radiotherapy, molecular targeted drug therapy, and biological immunity have been considered as a rational choice. 5 Among them, molecular targeted drug therapy can be improved efficiently compared to other therapeutic options. For example, many reports showed that small molecular compounds from traditional Chinese medicine (TCM) could be the effective anti-cancer drug. [6] [7] [8] [9] While Parthenolide, a germacrane sesquiterpene lactone, is one of the TCM compounds showing high potent anti-tumor activity, it has evident drawbacks, such as high toxicity and instability. Micheliolide (MCL), a guaianolide sesquiterpene lactone isolated from Magnoliaceae has been given attention because it shows stronger plasma stability and low toxicity as well as a potent anti-tumor effect for leukemia, ovarian cancer, breast cancer, and glioma. [10] [11] [12] In addition, MCL is cost-efficiently produced because it is directly isolated from Michelia compressa (Magnoliaceae) or semi-synthesized from parthenolide. 13 To our knowledge, there is no report about the effects of MCL on HCC. Therefore, in the present study, we evaluated the anti-tumor effects of MCL on HCC both in vivo and in vitro.
Materials And Methods Cell Culture And Drug Treatment
The human HCC cell lines (Huh7, HepG2, QGY-7703, Bel-7404, Hep3B, PLC/PRF/5) were obtained from ATCC (American Type Culture Collection) and Cell Resource Center of Chinese Academy of Science. All the cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS) at 37°C in a humidified atmosphere containing 5% CO 2 . Micheliolide (MCL, purity 98%, Chunqiu biology, China) was dissolved in dimethylsulfoxide (DMSO) at a stock concentration of 10 mM. N-acetyl-Lcysteine (NAC, Sigma) was prepared at 1M.
Cell Growth Assay And Trans-Well Assay
Huh7 cells were treated with MCL at different concentrations (0, 10, 30, 60, 90 µM) for 8 hr and further incubated with fresh medium for 24 hr. Subsequently, cells were collected and re-seeded in a 96-well plate at a density of 3000 cells/well. After 12 hr, cells were incubated with Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies) for 1 hr and measured at an optical density (OD) of 450 nm. For other HCC cells, a single concentration of MCL (30 µM) was used to confirm the result from the Huh7 cells. For the colony formation assay, Huh7 cells were seeded in 6-well plates at a density of 500 cells/well. After 14 days, the cells were fixed with cold methanol and stained with crystal violet to count the number of colonies.
For the trans-well assay, Huh7 cells were treated with MCL at different concentrations (0, 30 60, 90 µM) for 8 hr and further incubated with fresh medium for 24 hr. Subsequently, cells were collected and suspended (1×10 5 /mL) in serum-free DMEM. One hundred microliters of the cell suspension were seeded onto the 8-mm pore size membrane trans-well filters (Corning, USA). The trans-wells were placed in the 24-well tissue culture plate filled with 600 µL DMEM containing 10% FBS and incubated for 24 hr. Then, cells were stained with crystal violet dye and the number of migrations was counted.
Stemness Assay And Flow Cytometry Assay
For the spheroid formation assays, Huh7 cells were treated with MCL (30 µM) or DMSO for 8 hr and further incubated with fresh medium for 24 hr. Subsequently, 1000 cells were collected, suspended in DMEM/F12 medium containing 20 ng/mL EGF, 20 ng/mL basic FGF and B27 supplements, and seeded on a Costar ® Ultra Low Attachment 6-well plate (Corning) for 14 days. Spheroids were counted to measure the spheroid-forming index when larger than 100 µm. To evaluate the expression of the stemness marker, HCC cells were preformed to fluorescence-activated cell-sorting cytometry (FACS) analysis. After treatment of MCL as above, 1×10 6 cells were collected, washed, incubated for 30 min at 4°C with respective fluorescence-conjugated antibodies including CD44-FITC, EpCAM-FITC, and CD133-PE (BD, Biosciences, San Jose, CA, USA). The appropriate fluorochrome-conjugated, isotype-matched antibodies were used as a control to establish background staining. Samples were acquired on a FACS Forte and data were analyzed with DIVA software (BD, Biosciences, San Diego, CA).
Analysis Of Apoptosis, Cell Cycle, And Mitochondria
Huh7 cells were treated with the indicated concentrations of MCL and collected for analysis of apoptosis using Annexin V/propidium iodide (PI) kit (BD Biosciences, Franklin Lakes, NJ, USA) according to the manufacturer's instruction. After washing with binding buffer, the staining was performed to measure cell apoptosis according to the instructions. To evaluate the role of reactive oxygen species (ROS) in the apoptosis induced by MCL, Huh7 cells were pre-treated with 5 mM NAC 24 hr prior to the MCL treatment. To evaluate cell cycle, the nuclei were fixed and stained with DNA staining buffer for 30 min at room temperature according to the manufacturer's instruction for the cell-cycle analysis kit (Multi Science, China). The DNA content was analyzed using FACS. To support the observation on apoptosis, Western blotting for apoptosis markers such as caspase3 and PARP were performed from the cells treated in the indicated concentrations of MCL. Western blotting analysis was performed as previously described. 14 Huh7 cells were harvested and lysed in protein lysis buffer (Thermo) on ice. After centrifugation at 12,000 rpm, 20 µg of protein of lysates from each group was subjected to Western blotting to measure the expression level of cleaved caspase3, cleaved PARP, and tubulin (Cell Signaling Technology, Inc., Danvers, MA, USA). To measure the mitochondrial ROS level of HCC cells, cells treated with the indicated conditions were harvested and resuspended in HBSS with 3 μM MitoSOX Red (Thermo) for 20 min at 37°C. After washing with phosphate-buffered saline (PBS), cells were analyzed on FACS with PE filter.
F-Actin Cytoskeleton Staining
Cells treated with the indicated conditions were seeded on the coverslip coated with Matrigel (Corning). To visualize mitochondria, cells were stained with MitoTracker Green (Thermo) for 20 min and washed with PBS for 3 times. Subsequently, cells were stained with 100 nM Alexa Fluor™ 568 phalloidin (Thermo) according to the manufacturer's instruction. Briefly, cells were fixed with 4% paraformaldehyde (PFA) for 10 min at room temperature, permeabilized in 0.1% Triton X-100 in PBS for 15 min, stained with 5 µL stock solution into 200 µL PBS with 1% bovine serum albumin (BSA) for each coverslip at room temperature for 30 min. After washing with PBS 3 times, the coverslips were mounted with VECTASHIED solution (Vector) with 4',6-diamidino-2phenylindole, dihydrochloride (DAPI, Thermo), and processed to fluorescent microscopy analysis.
Anti-Tumor Effect Of MCL In Xenograft Model
Animal experiments were approved by the Institutional Animal Care and Use Committee in SMU. Huh cells (5x10 6 ) were inoculated subcutaneously into the flanks of mice with Matrigel. Mice were divided into two groups when the tumor size reached 1 cm 3 and tumor size was measured bi-dimensionally and calculated with the formula (length x width 2 )/2. Then, the MCL-treated group was treated with 20 mg/kg body weight per day through intraperitoneal injection (i.p.). The control group was treated with DMSO at the same volume simultaneously. Then, body weights and tumor size were measured until the tumor xenografts were harvested.
All animal studies were carried out in accordance with the UK Animal (Scientific Procedures) Act, 1986 and associated guidelines.
Statistical Analysis SPSS 22.0 and GraphPad Prism 5.0 software were used for the statistical analysis of this study. All data were demonstrated with means ± standard deviation. The comparisons between two groups were performed using Student's t-test (two-tailed). One-way analysis of variance (ANOVA) was used to analyze the difference among multiple groups. A result of p<0.05 was considered statistically significant.
Results

MCL Inhibited The Proliferation, Migration, And Stemness Of HCC Cells In Vitro And In Vivo
We first tested if MCL treatment impacted the growth of a liver cancer cell, Huh7 cell by CCK assay in different concentrations. The results indicated that MCL reduced the cell growth rate in a dose-and time-dependent manner ( Figure 1A) . Especially, more than 30 µM of MCL showed an evident impact on cancer cell growth and that concentration is consistently effective on a variety of hepatocellular carcinoma (HCC) lines such as HepG2, QGY-7703, Bel-7404, Hep3B, and PLC/PRF/5 ( Figure 1B ). In addition, MCL treatment suppressed the malignant characteristics of Huh7 cells such as colony-forming ability and mobility in a dose-dependent manner, assessed by colony-forming assay and trans-well assay, respectively ( Figure 1C and D). Compared to the cells treated with DMSO, the cells treated with different concentrations of MCL showed reduced colony-forming ability in a dose-dependent manner. The number of migrated cells was significantly reduced after treating with MCL compared to the non-treated cells. Notably, MCL is effective on colony formation at a lower concentration (30 µM) compared to migration (60 µM), suggesting that MCL is effective on primary liver cancer rather than metastasis.
To evaluate the effects of MCL on liver cancer cells in vivo, we used a xenograft HCC model formed by subcutaneously injecting Huh7 cells into NUDE mice. After the tumors were grown to a size of 1 cm 3 , the mice were treated with MCL in 20 mg/kg per day or DMSO as the control and the volume of tumors was measured daily. After 6 days, tumor xenografts were harvested and weighed ( Figure 1E and F) . The size of isolated xenografts from the control was larger than the MCL-treated group. Compared to the DMSO-treated group, statistical analysis indicated the volume and weight of the isolated tumor from the MCL-treated group were significantly decreased. Altogether, MCL is an efficient anti-tumorigenesis reagent for HCC both in vitro and in vivo, although probably less efficient on the metastasis of HCC.
Because stemness of HCC is important for tumor growth (reference), we next tested whether the level of HCC stemness markers and number of tumor spheres are affected by MCL. A minimum effective concentration of MCL based on the growth assay was considered to be 30 µM, and after treatment with MCL in 30 µM, the HCC cells yielded a smaller as well as a lower number of spheres (15±1.2 vs. 1±0.2, p<0.05) (Figure 2A) . Moreover, the expression of several HCC stemness markers such as CD44, CD133, and EpCAM in the Huh7 cells treated with MCL were clearly decreased compared to cells treated only with DMSO ( Figure 2B) . These results demonstrated that MCL could reduce the stemness of HCC cells.
MCL Induced Perturbation Of F-Actin And Mitochondria Aggregation Before Apoptosis
Because apoptosis is a major observation in cells treated with MCL, apoptosis was monitored in the Huh7 cells treated with 30 µM MCL in the time-dependent manner ( Figure 3A) . Although apoptosis was highly triggered at 8 hr after treatment with MCL (13.5%), it was apparently induced at 6 hr after treatment with MCL (about 7%). Consistently, mitochondrial ROS monitored using a mitochondria-specific ROS marker, mitoSOX, was increased from 4 hr after treatment ( Figure 3B ), suggesting that mitochondrial impairment is a cause of apoptosis. Interestingly, we found that the cells treated with MCL showed abnormal morphology. Therefore, we visualized the cellular morphology and cytoskeleton structure by staining F-actin on Huh7 in the treatment of 30 µM MCL at different time points, including 0, 2, 4, 6, and 8 hr ( Figure 3C ). The normal Huh7 cells displayed the stretched filamentous F-actin strings and evenly distributed mitochondria (0 hr). However, F-actin fibers became shorter and irregularly destructured after 2 hr, accompanied by aggregated mitochondria. Also, F-actin staining showed membrane blebbing, an apoptotic marker which is consistent with the induction of apoptosis at 6 hr after treatment ( Figure 3A ). In addition, nuclear condensation showed a late state of apoptosis at 8 hr. These data indicated that MCL treatment disturbed the F-actin cytoskeleton and induced abnormal aggregated mitochondria, leading to mitochondria dysfunction and apoptosis. 
MCL Effectively Induced Apoptosis In Liver Cancer Cell But Not Cell Cycle
As a mechanistic study on the anti-tumor efficacy of MCL against Huh7 cell, apoptosis, and the cell cycle were investigated in a dose-dependent manner since both cell fate determination was a well-known MCL impact. MCL induced the apoptosis of HCC cells. The flow cytometric analysis indicated that the apoptosis rate of Huh7 cells treated with MCL was triggered even in at a dose as low as 10 µM (0.95%) and was obviously induced at a dose of more than 30 µM (about 6%), which are the concentrations showing anti-cancer activity ( Figure 4A) . However, the cell cycle of MCL-treated Huh7 cells was not distinguishable from normal cells unless treated with more than 60 µM ( Figure 4B) . Consistent with the result that apoptosis is obvious from the treatment of 30 µM MCL, the level of both cleaved caspase-3 and cleaved PARP, apoptosis-related markers, were increased in the cells treated with 30 µM MCL ( Figure 4C ). Because mitochondrial ROS was increased in the cells treated with MCL ( Figure 3B ), we tested if the ROS is involved in the induction of apoptosis. To do this, Huh7 cells were pre-treated with 5 mM NAC (ROS scavengers) before treatment with MCL ( Figure 4D ). Cells treated with anti-oxidant largely alleviated the apoptosis rate of HCC cells induced by MCL (9.5% vs. 0.9%), demonstrating that mitochondrial ROS induced by MCL is involved in MCL-induced apoptosis.
Discussion
Although improvement in clinical treatments for HCC has been made for a long time, the prognosis remains extremely poor because of the high frequency of recurrence and metastasis. 15 Therefore, new targeted therapy is urgently sought. Natural products play a critical role in the discovery and development of numerous drugs for the treatment of various types of deadly diseases including cancer via different mechanisms. [16] [17] [18] In the present study, the potent anti-tumor activity of MCL for hepatocellular carcinoma (HCC) was revealed. Notably, the effective concentration of MCL on liver cancer cell growth and migration was different. While liver cancer cell growth was inhibited by treatment with more than 30 µM MCL, migration was reduced by more than 60 µM MCL. With this observation, we expected that MCL could be more effective on primary liver cancer than metastasis. It is well-known cancer stem cells (CSCs) are responsible for drug resistance and tumor recurrence, suggesting that eliminating the CSCs may be a crucial element for oncotherapy. 19 A positive population for the expression of liver cancer cell stemness markers such as CD44 + , CD133 + , and EpCAM + has been proved to be involved in tumor progression of human malignancy including HCC. [20] [21] [22] CD44 has been indicated to be associatied with HCC susceptibility, interactions with environmental risk factors as well as clinicopathologic statuses, the progressive genomic changes of which are capable of causing the cellular phenotype of HCC from preneoplastic stage to progress. 23 Previous reports introduced CD44 together with CD133, EpCAM was observed to be the most frequent tumor-initiating cell marker. In addition, recent studies suggested CSCs are highly connected to the EMT phenotype and poor prognosis of HCC patients. 21 Thus, the CSC population is important for driving pathogenesis. Interestingly, the results of our study showed that the stemness-related markers including CD44, CD133, and EpCAM were clearly decreased of MCL-treated HCC cell lines.
MCL has a variety of roles in cell fate determination, such as apoptosis and cell-cycle arrest. It has been reported that MCL inhibits gastric cancer growth in vitro and in vivo via blockade of the IL-6/STAT3 pathway. 24 Tong et al. found thatMCL induced apoptosis in breast cancer cells with mitochondrial fission and upregulation of Drp1 protein. 11 In our results, we found that MCL is more effective for apoptosis than cell cycle and this induction of apoptosis is ROS-dependent. Probably, the source of ROS accumulated in the liver cancer cell treated with MCL treatment is mitochondria, as mitochondrial ROS is quickly increased by MCL treatment. Notably, this explanation based on ROS-apoptosis is common for anti-cancer drugs. For example, early studies have demonstrated that anti-cancer agents could increase intracellular ROS as well as mitochondrial ROS levels. 25, 26 Qu et al. previously reported that reduced anti-oxidant capacity and increased intracellular ROS, especially mitochondrial ROS, were involved in improving drug susceptibility.
Although we need to study the detail, impaired actin cytoskeleton in MCL-treated liver cancer cells may be in part involved in mitochondrial aggregation and ROS accumulation. Notably, we found that perturbation of F-actin was observed before the cell apoptosis triggered by MCL, which is consistent with a previous report in the context of apoptosis triggered by the F-actin reorganization. 27 Also, the actin cytoskeleton interacts with mitochondria to impact mitochondrial morphology, movement, and intracellular distribution. Mutations in actinrelated proteins can impact the mitochondrial physiology, triggering cell death. Consistently, we found that mitochondria were aggregated with destructured F-actin fibers in the liver cancer cell after MCL treatment. We suspected that the MCLrelated influence on the interaction between the actin cytoskeleton and mitochondria is involved in ROS accumulation as in a previous report that decreased actin dynamics causes an increase in ROS production, resulting in cell death. In addition, accumulating evidence suggested the role of the actin cytoskeleton in mitochondrial recruitment of various pro-apoptotic proteins. 28 Tang et al. found the mitochondrial accumulation of β-actin was detected before the insertion of Bax and cytochrome C release. It still remains to explain how MCL affects the actin cytoskeleton.
Conclusion
In conclusion, we demonstrated that MCL inhibited the HCC cell proliferation in vitro and in vivo via the induction of apoptosis. Also, MCL was capable of reducing the stemness of HCC. As the mechanism studies, we clarified that MCL deregulated F-actin organization, leading to mitochondria dysfunction. These novel observations on liver cancer cells will be helpful not only for seeking new therapeutic drugs for liver cancer but also studying the interaction of actin structure and mitochondria physiology. 
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